Miniscleral lens wear influences corneal curvature and optics by Vincent, Stephen et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Vincent, Stephen J., Alonso-Caneiro, David, & Collins, Michael J.
(2016)
Miniscleral lens wear influences corneal curvature and optics.
Ophthalmic and Physiological Optics, 36(2), pp. 100-111.
This file was downloaded from: https://eprints.qut.edu.au/91464/
c© Copyright 2016 The College of Optometrists
This is the peer reviewed version of the following article: [FULL CITE],
which has been published in final form at [Link to final article using the
DOI]. This article may be used for non-commercial purposes in accordance
with Wiley Terms and Conditions for Self-Archiving.
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
https://doi.org/10.1111/opo.12270
Miniscleral lens wear influences corneal curvature and optics 
 
Stephen J Vincent  PhD 
David Alonso-Caneiro  PhD 
Michael J Collins  PhD 
 
Affiliation for all authors: 
Contact Lens and Visual Optics Laboratory, School of Optometry and Vision Science, 
Queensland University of Technology 
 
Corresponding Author: 
Stephen J Vincent sj.vincent@qut.edu.au 
Contact Lens and Visual Optics Laboratory 
O Block, D Wing, Room 513, School of Optometry and Vision Science 
Queensland University of Technology 
Victoria Park Road, Kelvin Grove, QLD, Australia 4059 
Phone: (07) 3138 0415, Fax: (07) 3138 5880 
 
Keywords: 
Miniscleral contact lens, corneal curvature, corneal optics 
Running title: Miniscleral lens wear and corneal optics 
 
The authors report no conflicts of interest and have no proprietary interest in any of the 
materials mentioned in this article  
Abstract 
Purpose: Transient changes in corneal topography associated with soft and conventional or 
reverse geometry rigid contact lens wear have been well documented; however, only a few 
studies have examined the influence of scleral contact lens wear upon the cornea.  
Therefore, in this study, we examined the influence of modern miniscleral contact lenses, 
which land entirely on the sclera and overlying tissues, upon anterior corneal curvature and 
optics. 
Methods: Anterior corneal topography and elevation data were acquired using Scheimpflug 
imaging (Pentacam HR, Oculus) immediately prior to and following 8 hours of miniscleral 
contact lens wear in 15 young healthy adults (mean age 22 ± 3 years, 8 East Asian, 7 
Caucasian) with normal corneae.  Corneal diurnal variations were accounted for using data 
collected on a dedicated measurement day without contact lens wear.  Corneal clearance 
was quantified using an optical coherence tomographer (RS-3000, Nidek) following lens 
insertion and after 8 hours of lens wear. 
Results: Although corneal clearance was maintained throughout the 8 hour lens wear 
period, significant corneal flattening (up to 0.08 ± 0.04 mm) was observed, primarily in the 
superior mid-peripheral cornea, which resulted in a slight increase in against-the-rule corneal 
astigmatism (mean +0.02/-0.15 x 94 for an 8 mm diameter).  Higher order aberration terms 
of horizontal coma, vertical coma and spherical aberration all underwent significant changes 
for an 8 mm corneal diameter (p ≤ 0.01), which typically resulted in a decrease in RMS error 
values (mean change in total higher order RMS -0.035 ± 0.046 µm for an 8 mm diameter).  
There was no association between the magnitude of change in central or mid-peripheral 
corneal clearance during lens wear and the observed changes in corneal curvature (p > 
0.05).  However, East Asian participants displayed a significantly greater reduction in corneal 
clearance (p = 0.04) and greater superior-nasal corneal flattening compared to Caucasians 
(p = 0.048). 
Conclusions: Miniscleral contact lenses that vault the cornea induce significant changes in 
anterior corneal surface topography and higher order aberrations following 8 hours of lens 
wear.  The region of greatest corneal flattening was observed in the superior-nasal mid-
periphery, more so in East Asian participants.  Practitioners should be aware that corneal 
measurements obtained following miniscleral lens removal may mask underlying corneal 
steepening.  
Introduction 
In the early 1970’s, hydrophilic soft contact lens (hydroxyethyl methacrylate [HEMA] 
material) wear was associated with small fluctuations in corneal curvature (a steepening or 
flattening typically less than 0.05 mm measured by keratometry), which did not correlate with 
the level of corneal oedema, but did increase with greater periods of daily lens wear.1-3  
Longer term studies (up to 3 months of daily HEMA lens wear) using more reliable 
measurement techniques revealed a more consistent response; a significant steepening 
along both the horizontal and vertical corneal meridians (0.09 mm on average), which 
increased towards the mid-periphery of the cornea.4  Greater oxygen delivery to the cornea 
associated with modern silicone hydrogel lenses has resulted in substantially less corneal 
steepening associated with soft contact lens wear, including overnight or extended wear.5 
However, there are reports of significant flattening of the anterior corneal surface and inferior 
corneal steepening, potentially due to the increased modulus of silicone-hydrogel lens 
materials.6 
 
Transient changes in corneal curvature have also been documented following conventional 
rigid contact lens wear, and are substantially greater than those associated with soft contact 
lenses; between a ~0.5 to 2.5 D (~0.05-0.40 mm) flattening of the anterior corneal surface.7-
11  The lens fit (i.e. fitting steeper, flatter or in alignment with the anterior cornea), back 
surface design and oxygen permeability of the lens material all influence the magnitude of 
induced corneal warpage, with flatter fits, aspheric back surface designs9 and less 
permeable materials12 often producing greater corneal changes.  In keratoconic eyes, the 
fitting philosophy (e.g. three-point-touch or apical clearance) also influences the magnitude 
of corneal flattening due to differences in the distribution of lens bearing.13  Similarly, 
deliberate flattening of the anterior corneal surface following overnight orthokeratology varies 
with lens wearing time, but does not appear to be significantly influenced by subtle 
differences between lens designs.14 
 
While the changes to the anterior corneal surface following soft and conventional or reverse 
geometry rigid contact lens wear have been documented in detail, and are transient in 
nature, few studies have examined the influence of scleral contact lens wear upon corneal 
curvature or optics.  This is perhaps due to the fitting characteristics of scleral contact 
lenses, which vault the cornea entirely (total lens diameters up to 25 mm) and only contact 
the sclera and overlying tissues, with a significant post-lens tear film acting as a barrier 
between the posterior lens and the anterior cornea.  However, short periods of scleral lens 
wear (3-5 hours) appear to be associated with transient central15, 16 or superior17 corneal 
flattening, with the magnitude of the observed change (up to 0.14 mm flattening) being 
greater than that associated with soft contact lens wear and slightly less than that induced by 
some corneal RGP lenses. 
 
Although optimally fitted scleral contact lenses do not physically bear upon the cornea, 
positive or negative tear pressure induced between the lens and cornea, or mechanical 
stress surrounding the limbus, may result in changes in anterior corneal topography.  
Understanding of these corneal changes has clinical significance, since scleral contact 
lenses have been proposed as a method for customised correction of higher order 
aberrations,18, 19 and scleral lens wearers who rely upon contact lens correction to optimise 
vision (e.g. in cases of corneal ectasia or significant ametropia) or for therapeutic purposes 
(e.g. ocular surface disorders) may wear these lenses for 8 hours or more per day.20 When 
the lenses are removed from the eye, residual changes in corneal topography may 
potentially lead to “spectacle blur”, since the optimal sphero-cylindrical refraction may 
change. 
 
While scleral contact lenses are a speciality lens accounting for less than 1% of lens fits 
worldwide, a 61% increase in scleral lens prescribing was observed between 2012 and 
2014,21,22 most likely due to the simplification of the fitting process and the advent of anterior 
segment optical coherence tomography, preformed trial lenses and higher oxygen 
permeable lens materials.23  Therefore, in this study we have examined the effect of 8 hours 
of miniscleral contact lens wear upon anterior corneal curvature and optics.  Since ethnic 
variations in anterior eyelid morphometry have been well documented (e.g. significantly 
smaller vertical and horizontal palpebral fissures in Asians compared to Caucasians),24,25 
which may potentially influence the fit or stability of a contact lens,26 a secondary aim was to 
examine the influence of ethnicity upon changes in corneal optics. 
 
Methods 
Fifteen participants (8 females, 7 males; 8 East Asian, 7 Caucasian) were recruited from the 
Queensland University of Technology (QUT).  The subjects were between 18 and 32 years 
old (mean ± SD: 22 ± 3 years) with a minimum corrected visual acuity of 0.00 logMAR in 
both eyes.  Participants were examined to ensure suitability for scleral lens wear.  Contact 
lens wearers (n = 4), discontinued lens wear for one day before each study day.   Rigid lens 
wearers were excluded along with those with a history of ocular injury or surgery.  This study 
was approved by the QUT human research ethics committee and followed the tenets of the 
Declaration of Helsinki.  All subjects gave written informed consent to participate. 
 
Given that previous studies using a similar experimental design (assessment of corneal 
topography before and after short-term soft,27 corneal11 or scleral17 RGP contact lens wear 
using Scheimpflug imaging) reported statistically significant changes in corneal optics 
(curvature, power or higher order aberrations) with sample sizes between 10 and 14, we 
selected a sample size of 15 participants.  Based on the variation observed in these previous 
studies,11, 17, 27 a sample size of 15 would yield 95% power to detect a 0.02 ± 0.02 mm/µm 
change in corneal curvature or corneal aberrations at the 0.05 significance level, for paired 
differences (i.e. within subject repeated measures) data. 
 
Experimental overview 
Changes in anterior corneal topography (curvature and elevation) following 8 hours of 
miniscleral contact lens wear were examined with the Pentacam HR (Oculus, Wetzlar, 
Germany).  Measurements were captured over three days; day one involved a screening 
examination and miniscleral lens assessment, day two was a control condition to measure 
diurnal corneal variations (no contact lens) and day three involved corneal imaging before 
and after 8 hours of lens wear.  On day two (no contact lens wear), baseline measurements 
were obtained between 8:00 and 10:00 AM and 8 hours later (between 4:00 and 6:00 PM).  
On day three, the subjects wore a miniscleral contact lens in their left eye only (the optimal 
diagnostic lens determined on day 2), and measurements were collected before lens 
insertion and immediately following 8 hours of lens wear.  The timing of the day 2 and 3 
measurement sessions were coordinated to control for the confounding influence of diurnal 
variation (morning measurements between 8:00 and 10:00 AM and evening measurements 
between 4:00 and 6:00 PM).28,29  Participants were free to the laboratory during lens wear 
between morning and afternoon measurements.  Measurements captured on Day 2 (no 
contact lens wear) were performed at least 48 hours after the day 1 fitting process to reduce 
the likelihood of corneal of conjunctival changes due to the trial lens fitting.17, 30 
 
Contact lens assessment 
Irregular Corneal Design (ICD™ 16.5, Paragon Vision Sciences, USA) non-fenestrated 
contact lenses (Dk of 100, minimum central thickness of 300 μm and total diameter of 16.5 
mm) were used for this study.  The optimal fitting diagnostic contact lens was determined by 
following the manufacturers fitting guide, outlined below.  The initial trial lens was selected 
based on the corneal sagittal height using a 10 mm chord obtained from the Medmont 
corneal topographer (E300, Australia) and extrapolated to a 15 mm chord (the distance to 
the landing zone) by adding 2000 µm to the 10 mm chord sag value.  An additional 400 µm 
was then added to this extrapolated sag value to allow for an initial central corneal vault of 
300-400 µm.  The selected lens was fitted to the participants left eye without an air bubble 
present.  Slit lamp examination of the fluorescein pattern was used to assess central and 
limbal corneal clearance.  Sodium fluorescein observed beyond the limbus was considered 
as sufficient limbal clearance, if no corneal touch was observed.  If any corneal touch was 
observed, the lens sag was increased by 100 μm and reassessed.  Once an adequate initial 
fit was obtained, the fit was re-examined following a one hour settling period.  The limbal 
clearance zone and the scleral landing zone were not modified, and participants wore the 
diagnostic trial lens which was determined to provide a suitable fit based on the 
manufacturers fitting guide (i.e. sufficient baseline central corneal clearance of 300-400 µm 
[mean 354 ± 35 µm], and visible sodium fluorescein beyond the limbus with no significant 
conjunctival compression). 
 
Anterior segment imaging 
The Pentacam HR system, a rotating Scheimpflug camera, was used to evaluate the 
anterior corneal curvature and elevation.  Five error free measurements were captured at 
each measurement session using the 25 picture 3D scan mode.  The Pentacam is highly 
repeatable for measures of anterior31 corneal topography,27 however, the repeatability of 
anterior higher order corneal aberrations varies with the individual coefficients examined.32,33 
 
Immediately following lens insertion on day 3, and after 8 hours of lens wear, the central 
corneal clearance was measured using an optical coherence tomographer with an anterior 
segment module attachment (RS-3000, Nidek, Japan).  A high resolution 6 mm radial line 
protocol was used (12 line scans separated by 30 degrees) centred on the corneal reflex.  
Each radial line scan from the OCT was exported for further analysis using customised 
software.  An automated procedure was used to segment the posterior surface of the contact 
lens and the anterior cornea over the central 6 mm, to quantify the magnitude of corneal 
clearance (the post-lens tear film thickness) over the central 1 mm and the mid-peripheral 
cornea along each line scan (a 1 mm annuli 2-3 mm from the corneal centre, the outermost 
region of each OCT scan).  Any segmentation errors were manually corrected by an 
experienced observer. 
 
Data analysis 
The anterior corneal curvature and elevation data were exported for further analysis.  The 
pupil offset (the horizontal and vertical displacement of the pupil centre from the topography 
map centre) was also recorded.  The five maps obtained at each time point (morning and 
afternoon) for each subject were then averaged.  The normal diurnal fluctuations observed in 
anterior corneal curvature and elevation were determined using the day 2 data (without lens 
wear) by subtracting the mean morning measurement (8:00-10:00 AM) from the mean 
afternoon measurement (4:00-6:00 PM). 
 
This approach was used to calculate the impact of miniscleral contact lens wear on the 
anterior cornea.  Using the day 3 data, the mean morning session data (before lens wear) 
was subtracted from the mean afternoon session data (after lens wear) for each participant.  
To account for natural diurnal variations, the diurnal changes calculated from the day 2 data 
were also subtracted to generate ‘difference’ data. This data represents the change in 
corneal parameters immediately following lens removal due to lens wear only (i.e. the diurnal 
changes have been removed for each individual subject).  All analyses presented in this 
manuscript refer to these corrected data. 
 
The anterior corneal elevation data were used to calculate the corneal wavefront over a  
range of diameters (4, 6 and 8 mm) using a ray tracing procedure described elsewhere.34  
The wavefront was centred on the line of sight using the recorded pupil offset values. The 
image plane was at the circle of least confusion and the wavelength used was 555 nm.  
Zernike polynomials (up to and including the eighth radial order) were fitted to the wavefront 
error and expressed using the double index notation (Optical Society of America [OSA] 
convention35).  This procedure was repeated for the five elevation maps per subject and 
measurement session and the mean was calculated. 
 To examine the statistical significance of changes in anterior corneal curvature after 8 hours 
of miniscleral contact lens wear, a repeated measures analysis of variance (ANOVA) was 
used with one between subject factor of ethnicity (East Asian and Caucasian) and three 
within-subject factors, including time (pre and post lens wear), corneal diameter (4, 6 and 8 
mm) and corneal region (8 corneal segments from 0-360° in 45° increments; Segment 1 [0-
45°], Segment 2 [45-90°], Segment 3 [90-135°], Segment 4 [135-180°], Segment 5 [180-
225°], Segment 6 [225-270°], Segment 7 [270-315°], Segment 8 [315-360°]) (Figure 1).  The 
magnitude of change in anterior corneal curvature was also calculated in 0.25 mm 
increments along four principal meridians to highlight regions of change in horizontal, vertical 
and oblique directions (Figure 1).  For anterior corneal aberrations (individual Zernike terms 
and RMS values), a repeated measures ANOVA was also conducted, with two within-subject 
factors of time (pre and post lens wear) and corneal diameter (4, 6 or 8 mm).  An eighth 
order polynomial expansion was used to fit the corneal elevation data, however analyses of 
individual Zernike coefficients and RMS values were restricted to the fourth order, since 
these terms have the greatest impact upon image quality.36  P-values were adjusted using 
the Greenhouse-Geisser correction to prevent any type 1 errors.  Pearson’s correlation 
coefficient was used to quantify the association between the magnitude of the change in 
corneal clearance during lens wear and the amount of observed change in corneal curvature 
following lens removal.  Statistical analyses were conducted using SPSS (version 22.0) 
software and the results are reported as the mean ± standard error. 
  
  
Figure 1.  Schematic illustration of the different corneal regions and meridians over which 
the anterior corneal curvature was averaged: Segment 1 [0-45°], Segment 2 [45-90°], 
Segment 3 [90-135°], Segment 4 [135-180°], Segment 5 [180-225°], Segment 6 [225-270°], 
Segment 7 [270-315°], Segment 8 [315-360°]).  Corneal curvature was also averaged along 
four principal meridians (0-180°, 45-225°, 90-270°, and 135-315°).  The positive/negative 
sign of each hemi-meridian is used in the analysis presented in Figure 3. 
 
Results 
Anterior corneal curvature 
The mean change in anterior corneal curvature for the fifteen participants following 
miniscleral lens wear is displayed in Figure 2.  Repeated measures ANOVA revealed a 
significant main effect of time, on average 0.02 ± 0.01 mm corneal flattening over the central 
8 mm following lens wear (F1, 15 = 9.95, p < 0.01) and a time by corneal diameter interaction 
(F2, 15 = 10.02, p < 0.01) which suggests that the change in anterior corneal curvature 
following lens wear increased as the corneal diameter increased (4 mm: 0.00 ± 0.01 mm 
flatter, p = 0.63, 6 mm: 0.01 ± 0.00 mm flatter, p = 0.02 and 8 mm: 0.03 ± 0.01 mm flatter, p 
< 0.01).  A time by corneal segment interaction was also observed (F7, 15 = 3.96, p = 0.04), 
which revealed that statistically significant changes in anterior curvature were limited to the 
superior cornea from 45-180° (a flattening in Segment 2 [45-90°]: 0.02 ± 0.01 mm, p = 0.04, 
Segment 3 [90-135°]: 0.04 ± 0.01 mm, p < 0.01 and Segment 4 [135-180°]: 0.04 ± 0.01 mm, 
p = 0.02) (Figure 2 and 3).  The other corneal segments did not show any significant change 
in anterior curvature following lens removal (0.01 mm flattening or less, all p-values > 0.05).  
A time by corneal segment by corneal diameter interaction (F14, 15 = 3.78, p = 0.04) was also 
observed, which revealed that substantially greater changes in anterior corneal curvature 
were observed following lens wear for a greater number of corneal segments with increasing 
corneal diameter (Table 1).  This suggests that the majority of change occurs in the mid-
peripheral cornea beyond the central 4-6 mm (Table 1 and Figure 2).  A time by corneal 
segment by ethnicity interaction was also observed (F7, 15 = 3.44, p = 0.048) which revealed 
that East Asian subjects displayed significantly greater flattening of the superior-nasal 
cornea (Segments 3 and 4) following lens wear compared to Caucasians (Table 2, Figure 2). 
 
Anterior corneal aberrations 
Analysis of the change in individual Zernike coefficients up to and including the fourth order 
revealed that some lower and higher order anterior corneal aberrations underwent a 
statistically significant change following lens wear (Table 3).  As expected, the majority of 
terms examined (8 of 12 terms) also displayed a significant increase in absolute magnitude 
with increasing corneal diameter (Table 3 and 4).  A time by corneal diameter interaction 
was observed for a number of Zernike terms (Table 2), which indicates that these terms; 
Z(2,0) defocus, Z(2,2) horizontal/vertical astigmatism, Z(3,-1) vertical coma, Z(3,1) horizontal 
coma and Z(4,0) spherical aberration significantly increased in magnitude (irrespective of the 
sign of the coefficient), but only for larger corneal diameters (typically the 8 mm diameter) 
(Table 4). 
 
The Zernike refractive power maps displayed in Figure 4, derived from the change in the 
anterior corneal wavefront, display the mean group change in lower and higher order 
anterior corneal aberrations immediately following 8 hours of lens wear.  The change in the 
anterior surface sphero-cylinder ranged from +0.03/-0.03 x 10 up to +0.35/-0.45 x 90, with a 
mean of +0.02/-0.15 x 94, for the 8 mm corneal analysis.  Seven of the fifteen participants 
exhibited a refractive power change greater than 0.25 DC.  Both the corneal curvature data 
(Figure 2) and the Zernike refractive power maps (Figure 4) indicate that the majority of the 
change occurring in the corneal optics is outside the central 4 mm.  Notably, a significant 
amount of corneal flattening (a hyperopic shift in corneal power) was observed superiorly, in  
  
Table 1. The mean change in anterior corneal curvature (± standard error) following lens 
wear for each corneal diameter examined.  Note: diurnal changes in anterior corneal 
curvature have been taken into account.  P-values are the Bonferroni corrected post-hoc 
pairwise comparisons for pre and post lens wear. Bold values indicate statistically significant 
changes. 
 Corneal diameter 
 4 mm 6 mm 8 mm 
Corneal segment 
(°) 
Mean ± SE 
(mm) 
p-
value 
Mean ± SE 
(mm) 
p-
value 
Mean ± SE 
(mm) 
p-
value 
0-45 0.01 ± 0.01 0.40 0.00 ± 0.01 0.58 0.00 ± 0.00 0.84 
45-90 0.01 ± 0.01 0.36 0.00 ± 0.01 0.26 0.03 ± 0.01 0.009 
90-135 0.01 ± 0.01 0.11 0.03 ± 0.01 0.001 0.07 ± 0.03 0.02 
135-180 0.00 ± 0.01 0.63 0.03 ± 0.01 0.002 0.08 ± 0.04 0.04 
180-225 -0.02 ± 0.00 0.004 0.01 ± 0.00 0.10 0.04 ± 0.01 0.001 
225-270 -0.01 ± 0.01 0.13 0.01 ± 0.01 0.45 0.02 ± 0.01 0.003 
270-315 0.01 ± 0.01 0.34 0.01 ± 0.01 0.44 0.02 ± 0.01 0.01 
315-360 0.01 ± 0.01 0.13 0.00 ± 0.01 1.00 0.00 ± 0.01 1.00 
 
Table 2. The mean change in anterior corneal curvature (± standard error) following lens 
wear for the East Asian (n = 8) and Caucasian (n = 7) subjects.  Note: diurnal changes in 
anterior corneal curvature have been taken into account.  P-values are the Bonferroni 
corrected post-hoc pairwise comparisons for pre and post lens wear. Bold values indicate 
statistically significant changes.  East Asian subjects displayed significantly greater corneal 
flattening in superior corneal segments 3 (90-135) and 4 (135-180). 
 
 East Asian Caucasian 
Corneal Segment (°) Mean ± SE (mm) p-value Mean ± SE (mm) p-value 
0-45 0.00 ± 0.01 0.74 0.01 ± 0.01 0.49 
45-90 0.02 ± 0.01 0.06 0.01 ± 0.01 0.37 
90-135 0.06 ± 0.01 0.01 0.01 ± 0.01 0.43 
135-180 0.05 ± 0.02 0.009 0.02 ± 0.02 0.40 
180-225 0.01 ± 0.01 0.34 0.01 ± 0.01 0.11 
225-270 0.00 ± 0.01 0.88 0.01 ± 0.01 0.13 
270-315 0.01 ± 0.01 0.62 0.02 ± 0.01 0.10 
315-360 0.00 ± 0.01 0.74 0.01 ± 0.01 0.20 
 
 
 
Table 3. Results (F and p-values) of the repeated measures analysis of variance for each 
individual Zernike term coefficient (up to and including the fourth radial order).  Bold values 
indicate statistically significant changes. 
Zernike 
coefficient 
Time Diameter Time x Diameter 
F1,15 p-value F2,15 p-value F2,15 p-value 
C (2,-2) 0.02 0.88 6.39 0.02 0.37 0.70 
C (2,0) 9.25 0.01 58.71 <0.001 8.76 0.007 
C (2,2) 7.71 0.02 15.77 0.001 5.24 0.03 
C (3,-3) 0.05 0.82 10.23 0.005 1.66 0.22 
C (3,-1) 8.06 0.01 5.66 0.03 7.83 0.01 
C (3,1) 2.48 0.14 29.58 <0.001 21.16 <0.001 
C (3,3) 0.97 0.34 0.99 0.34 0.04 0.86 
C (4,-4) 1.36 0.26 0.37 0.60 2.83 0.08 
C (4,-2) 0.00 0.96 49.73 <0.001 0.67 0.46 
C (4,0) 5.75 0.03 71.71 <0.001 11.38 0.001 
C (4,2) 0.51 0.49 0.24 0.65 0.24 0.67 
C (4,4) 2.87 0.11 1.69 0.21 2.06 0.17 
2nd Order RMS 7.62 0.02 23.13 <0.001 2.86 0.11 
3rd Order RMS 0.10 0.76 225.44 <0.001 0.74 0.41 
4th Order RMS 3.05 0.10 111.85 <0.001 3.00 0.09 
Higher order RMS 1.04 0.33 355.72 <0.001 0.41 0.55 
 
Table 4. The mean change in anterior corneal aberrations (individual Zernike term 
coefficient ± standard error), based on the corneal elevation data, following lens wear for 
three corneal diameters (4, 6, and 8 mm).  Note: diurnal changes in corneal elevation have 
been taken into account.  P-values are the Bonferroni corrected post-hoc pairwise 
comparisons for pre and post lens wear.  Bold values indicate statistically significant 
changes. 
Corneal diameter 4 mm 6 mm 8 mm 
Zernike coefficient Mean ± SE 
(µm) 
p-
value 
Mean ± SE 
(µm) 
p-
value 
Mean ± SE 
(µm) 
p-
value 
C (2,-2) 0.014 ± 0.030 0.66 -0.032 ± 0.048 0.52 -0.002 ± 0.074 0.97 
C (2,0) -0.002 ± 0.005 0.63 0.024 ± 0.013 0.09 0.094 ± 0.029 0.006 
C (2,2) 0.043 ± 0.028 0.15 0.106 ± 0.060 0.10 0.253 ± 0.084 0.009 
C (3,-3) -0.021 ± 0.014 0.16 -0.005 ± 0.035 0.88 0.052 ± 0.067 0.45 
C (3,-1) -0.002 ± 0.007 0.77 -0.073 ± 0.024 0.009 -0.196 ± 0.070 0.01 
C (3,1) -0.025 ± 0.011 0.01 0.008 ± 0.018 0.66 0.102 ± 0.031 0.005 
C (3,3) 0.023 ± 0.011 0.01 0.036 ± 0.026 0.19 0.026 ± 0.061 0.68 
C (4,-4) -0.005 ± 0.009 0.56 -0.005 ± 0.027 0.86 0.056 ± 0.030 0.08 
C (4,-2) -0.010 ± 0.010 0.32 -0.003 ± 0.014 0.82 0.011 ± 0.019 0.56 
C (4,0) 0.006 ± 0.005 0.28 -0.014 ± 0.017 0.42 -0.096 ± 0.029 0.005 
C (4,2) 0.004 ± 0.006 0.53 0.009 ± 0.015 0.53 0.021 ± 0.035 0.55 
C (4,4) -0.012 ± 0.008 0.17 -0.032 ± 0.022 0.16 -0.059 ± 0.035 0.12 
2nd Order RMS -0.031 ± 0.029 0.29 -0.068 ± 0.039 0.10 -0.151 ± 0.055 0.02 
3rd Order RMS -0.016 ± 0.014 0.26 -0.028 ± 0.028 0.34 0.015 ± 0.055 0.79 
4th Order RMS -0.005 ± 0.006 0.41 -0.021 ± 0.020 0.31 -0.064 ± 0.033 0.07 
Higher order RMS -0.014 ± 0.012 0.29 -0.036 ± 0.027 0.21 -0.035 ± 0.046 0.47 
 
 
 
Figure 2.  Anterior corneal curvature difference map (post minus pre-lens wear) after accounting for natural diurnal fluctuations in anterior 
corneal curvature for all subjects (n = 15), East Asian subjects (n = 8) and Caucasian subjects (n = 7).  A significant time by corneal segment 
by ethnicity interaction was observed (p = 0.048) indicating that following lens wear, East Asian subjects displayed significantly greater corneal 
flattening in corneal segments 3 (90-135°) and 4 (135-180°) compared to Caucasian subjects. N denotes nasal, T - temporal, S - superior, I - 
inferior. 
  
Figure 3.  Change in corneal curvature as a function of distance from the corneal centre 
along four principal corneal meridians (0-180, 45-225, 90-270 and 135-315) for all 15 
subjects. Error bars represent the standard error of the mean. The greatest changes in 
curvature were observed superiorly (positive x axis values) along the 90 and 135 hemi-
meridians. 
  
 
 
Figure 4.  Anterior corneal refractive power difference maps (post – pre lens wear) 
highlighting the change in corneal optics based on the corneal elevation data up to the fourth 
order Zernike expansion.  Lower, higher and lower/higher order terms combined are 
displayed for an 8 mm corneal diameter for all subjects (n = 15), East Asian subjects (n = 8) 
and Caucasian subjects (n = 7).  Natural diurnal fluctuations in anterior corneal higher order 
aberrations have been taken into account.  Negative x and y values indicate nasal and 
inferior cornea respectively. 
 
 
the approximate position of the nasal aspect of the upper eyelid for a left eye, more so for 
East Asian eyes compared to Caucasians. 
 
The largest changes in anterior surface corneal aberrations were observed over the 8 mm 
corneal diameter analysis.  Interestingly, while a number of individual aberration coefficients 
underwent significant changes following lens wear (Table 4), the combined effect of these 
changes was typically a decrease in RMS error values for 2nd, 3rd, 4th order and all higher 
order (3rd and 4th order) terms considered together.  For example, the increase in against-
the-rule corneal astigmatism following lens wear actually reduced the magnitude of the 
habitual with-the-rule astigmatism of the cornea.  Similarly, the change in spherical 
aberration was in the negative direction for larger corneal diameters, reducing the magnitude 
of natural positive corneal spherical aberration. 
 
As for the corneal curvature data, the influence of ethnicity was also evident in the changes 
in the corneal wavefront following lens wear.  A time by ethnicity interaction was observed 
for C(3,-1) (F1, 15 = 5.56, p = 0.035) and C(4,2) (F1, 15 = 5.72, p = 0.033) which indicated that, 
on average, East Asian subjects displayed significantly larger changes in both C(3,-1) (East 
Asian -0.151 ± 0.038 µm, Caucasian -0.021 ± 0.040 µm) and C(4,2) (East Asian 0.043 ± 
0.019 µm, Caucasian -0.024 ± 0.020 µm) compared to Caucasian subjects.  A time by 
corneal diameter by ethnicity interaction was also observed for C(3,-1) (F2, 15 = 6.61, p = 
0.02) and C(4,4) (F2, 15 = 6.14, p = 0.017).  That is, for larger corneal diameters, East Asian 
subjects displayed significantly greater changes than Caucasians for coefficients C(3,-1) (6 
mm: East Asian -0.105 ± 0.031 µm, Caucasian -0.035 ± 0.033 µm and 8 mm: East Asian -
0.338 ± 0.081 µm, Caucasian -0.034 ± 0.086 µm) and C(4,4) (8 mm: East Asian -0.128 ± 
0.042 µm, Caucasian 0.018 ± 0.045 µm). 
 
Corneal clearance and correlation analysis 
The mean central corneal clearance immediately after lens insertion on (session 1 day 3) 
was 354 ± 35 µm, which reduced to 265 ± 30 µm following 8 hours of lens wear; a mean 
decrease in corneal clearance of 89 ± 10 µm.  The mean mid-peripheral corneal clearance 
(over a 1 mm annulus 2-3 mm from the corneal centre averaged over all line scans) was 307 
± 45 µm at baseline and 217 ± 36 µm after 8 hours; a 90 ± 17 µm reduction in clearance.  No 
statistically significant correlations were observed between the magnitude of change in 
corneal curvature following lens wear over 4, 6, or 8 mm diameters and the reduction in 
central corneal clearance (r = 0.24, 0.33 and -0.15 respectively, all p > 0.05) or mid-
peripheral clearance (r = 0.25, 0.31 and -0.13 respectively, all p > 0.05).  However, the 
change in corneal clearance did vary significantly with ethnicity: East Asian 110 ± 10 µm, 
Caucasian 80 ± 23 µm (independent t-test, T13, 15 = 2.27, p = 0.04). 
 
Discussion 
This is the first study to provide a detailed examination of the regional changes in anterior 
corneal curvature and higher order aberrations associated with a substantial period of 
miniscleral contact lens wear (8 hours), after controlling for known individual diurnal 
fluctuations in the cornea.  Since scleral lenses vault the cornea and significantly improve 
the optical quality of highly aberrated eyes, only a limited number of studies have 
investigated the changes in corneal shape or optics following lens wear.  These earlier 
studies examined transient corneal changes after a shorter period of lens wear (between 15 
minutes and 5 hours),15-17 or used older techniques (e.g. keratometry) which restricts the 
analysis to the central few millimetres along the principal corneal meridians.15, 16  Importantly, 
our study only included a single miniscleral lens design and the corneal changes observed 
may differ based on back surface lens design, lens diameter (i.e. a full scleral lens up to 25 
mm) and practitioner fitting philosophy (the extent of corneal clearance). 
 
In the current study, a small but statistically significant flattening of the superior cornea was 
observed (up to 0.08 ± 0.04 mm), between 45 to 180 degrees (Figure 2), which increased in 
magnitude with increasing corneal diameter, suggesting that the majority of flattening 
occurred beyond the central 6 mm of the cornea in almost all corneal segments examined 
(between 45 to 315 degrees) (Table 1).  The greatest region of corneal flattening was 
between 90 and 180 degrees (i.e. superior nasally).  This is consistent with previous studies 
that reported a flattening of the principal meridians following five hours of full scleral lens 
wear,15 or a flattening of the vertical meridian and a steepening of the horizontal meridian 
following 30 minutes wearing a scleral lens annulus (essentially the scleral haptic zone 
without the optical centre).16 
 
These small (0.02 to 0.08 mm) but statistically significant changes in corneal curvature have 
clinical implications, particularly for steeper corneae.  For example a 0.05 mm change in 
curvature equates to a 0.25 D change in a cornea with a 7.50-8.44 mm radius of curvature 
(40-45 D), a 0.37 D change in a 6.25-7.34 mm (46-54 D) cornea and a 0.50 D change in a 
cornea of 6.14 mm (55 D) or steeper.  Given that the primary indication for scleral lens wear 
is for the refractive correction of keratoconus (in which corneal power is often far greater 
than 50 D34), practitioners must be aware that measurements captured following scleral lens 
removal may mask corneal steepening or disease progression (or regression following 
corneal collagen crosslinking) measured by corneal topography due to an artifical temporary 
corneal flattening.  Since keratoconic patients may wear RGP lenses for up to 12-13 hours 
per day,34 the magnitude of changes following lens wear may be greater than those 
observed in our 8 hour study of normal corneae. 
 
Interestingly, over the central 6 mm of the cornea, the magnitude of change in curvature 
following 8 hours of lens wear was not substantially greater than that observed following 3 
hours of lens wear;17 both approximately 0.03 mm of flattening.  Therefore, longer periods of 
miniscleral lens wear may not result in greater changes in central corneal shape, however, 
larger changes may be evident in the corneal periphery.  Alternatively, this may suggest that 
the superior flattening observed following scleral lens wear may be related to the process of 
lens removal (since the negative pressure or suction behind the lens is typically released 
inferiorly, in line with the vertical corneal meridian), rather than a result of lens wear.  
However, a further experiment would be required to investigate this hypothesis in detail, by 
breaking the suction at different peripheral lens locations.  Given that numerous studies have 
reported a similar flattening of the superior cornea, and a shift towards increasing against-
the-rule astigmatism associated with eyelid pressure following reading or near work tasks,28, 
34, 38-43 it is possible that the observed corneal changes are a result of an interaction between 
the superior eyelid, the scleral lens and the cornea or the superior conjunctival/episcleral 
tissue adjacent to the limbus (where greater tissue compression has been reported following 
short-term miniscleral lens wear relative to nasal, temporal and inferior regions30).  Similarly, 
Murphy et al16 proposed that corneal touch was not required to induce subtle changes in 
keratometry readings along the vertical meridian following short-term scleral coil wear, but 
that the observed changes might be a result of eyelid pressure upon the scleral annulus.  
Soeters et al44 also reported that keratometry values may be up to 1 D steeper one week 
after ceasing scleral lens wear, which confirms that long-term scleral lens wear without 
corneal touch may induce significant central corneal changes in keratoconic eyes. 
 
Several differences were observed between East Asian and Caucasian participants in our 
study following 8 hours of lens wear.  Most notable was a significantly greater degree of mid-
peripheral corneal flattening in the superior-nasal region of East Asian eyes, at the 
approximate location of the superior nasal eyelid margin, along with a larger increase in 
negative vertical coma.  It has been well documented that Asian eyes typically display 
narrower vertical palpebral apertures (with the upper eyelid substantially closer to the 
corneal centre) along with a steeper upper lid angle compared to Caucasian eyes.24,25  
These ethnic anatomical differences in the upper eyelid, or the tightness/tension of the 
eyelid, may explain the differences observed in the corneal optics.  However, since central 
corneal clearance was maintained during lens wear (based on OCT imaging), eyelid forces 
do not appear to simply mechanically compress the posterior lens surface against the 
cornea, but perhaps results in tighter peripheral seal off and altered post-lens tear layer fluid 
dynamics.  A greater reduction in central corneal clearance was also observed in East 
Asians compared to Caucasians following 8 hours of lens wear, again potentially as a result 
of the above mentioned anatomical factors (e.g. upper eyelid position, upper eyelid angle, 
eyelid tension).  Some influence from the upper eyelid seems to be a plausible explanation 
given that the limbal scleral angle and scleral radius of curvature does not differ significantly 
between Asians and Caucasians45 which might possibly contribute to ethnic differences in 
lens decentration and therefore corneal clearance values. 
A number of statistically significant changes in lower and higher order aberrations were 
observed as a result of miniscleral lens wear.  As expected, the magnitude of these changes 
increased with increasing corneal diameter for the majority of Zernike terms (Table 2), but 
did not always manifest as a detrimental increase in the magnitude of aberrations (e.g. the 
significant increase in against-the-rule astigmatism actually reduced the degree of with-the-
rule corneal astigmatism, which was typical in our participants, resulting in a decrease in 2nd 
order RMS values).  The magnitude of these observed changes were small, and would not 
result in a clinically significant changes in vision during lens wear, as these optical 
imperfections would be largely neutralised by the post-lens tear layer.  However, following 
lens removal, spectacle blur may be apparent to some patients (with normal corneae) as 
changes in cylindrical values up to 0.50 D were observed in some participants. 
 
During scleral lens wear, the corneal clearance (or post-lens tear layer thickness) gradually 
decreases in an approximate exponential decay, as the haptic portion of the lens 
compresses or sinks into the conjunctiva and episclera.30  The mean reduction in corneal 
clearance observed in our participants (89 ± 10 µm) was similar to that observed for a range 
of scleral lens designs over the same time period ( mean 112 µm).46  The haptic zone for the 
miniscleral lens used in the current study lands approximately 2 mm from the limbus, and the 
forces generated due to tissue compression over the course of a day could theoretically 
influence corneal curvature.  Consequently, we examined the association between the 
magnitude of change in corneal clearance (which may be associated with the degree of 
conjunctival compression) and the change in corneal curvature.  However, no significant 
associations were observed for either central or mid-peripheral changes in clearance after 8 
hours of lens wear, which may suggest that other factors may play a role, such as fluid 
forces or negative pressure generated within the sealed system, or the tone or pressure of 
the eyelids. 
 
A limitation of the current study was that all participants had normal corneae and spectacle-
corrected visual acuity, which is not representative of patients who typically wear scleral 
lenses.  Tan et al47,48 reported that approximately 60% of scleral lens fits at a tertiary eye 
care practice specialising in scleral lens fitting were for the correction of irregular optics due 
to corneal ectasia or post-keratoplasty, while 40% of patients had normal corneae (i.e. 
regular corneal optics, but high ametropia or ocular surface disease).  Studies examining the 
ocular response to scleral lens wear in patients with abnormal corneae are still required, 
particularly since substantial changes in corneal optics have been observed following the 
cessation of full time lens wear.44  While 8 hours of lens wear induced a similar magnitude of 
corneal flattening to that observed following 3 hours of lens wear,17 at least for the central 
cornea, greater changes may be observed over weeks or months of full time lens wear.  
Using the same contact lens design as the current study (ICD 16.5 mm), Mountford49 
reported that following one month of lens wear, corneal clearance had decreased by 146 µm 
on average from the initial fitting (~ 50 µm more than that after 8 hours), which could 
possibly lead to greater changes in corneal optics or curvature due to a gradual increase in 
peripheral seal off and negative pressure beneath the lens or additional tissue compression 
adjacent to the limbus.  Therefore, further studies of longer duration are required in order to 
examine the influence of long-term scleral lens wear upon corneal optics given that lens 
settling may continue for several weeks in new lens wearers. 
 
Conclusion 
Miniscleral lenses that do not contact the cornea, in conjunction with a moderate post-lens 
tear layer, induce significant changes in anterior corneal surface topography and higher 
order aberrations following 8 hours of lens wear, particularly for East Asian participants.  A 
flattening of the peripheral cornea, particularly the superior-nasal region (resulting in an 
increase in against-the-rule astigmatism) was observed, along with changes in horizontal 
coma, vertical coma and spherical aberration for the larger corneal diameters examined.  
The magnitude of changes observed in lower or higher-order aberrations would not 
substantially influence visual performance during lens wear due to neutralisation from the 
post-lens tear layer, but may result in some spectacle blur following lens removal.  
Practitioners should be aware that corneal measurements obtained following miniscleral lens 
removal may mask underlying corneal steepening. 
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